In this paper, we report the formation of a series Zr-(Cu,Ag)-Al bulk metallic glasses (BMGs) with diameters at least 20 mm and demonstrate the formation of about 25 g amorphous metallic ingots in a wide Zr-(Cu,Ag)-Al composition range using a conventional arc-melting machine. The origin of high glass-forming ability (GFA) of the Zr-(Cu,Ag)-Al alloy system has been investigated from the structural, thermodynamic and kinetic points of view. The high GFA of the Zr-(Cu,Ag)-Al system is attributed to denser local atomic packing and the smaller difference in Gibbs free energy between amorphous and crystalline phases. The thermal, mechanical and corrosion properties, as well as elastic constants for the newly developed Zr-(Cu,Ag)-Al BMGs, are also presented. These newly developed Ni-free Zr-(Cu,Ag)-Al BMGs exhibit excellent combined properties: strong GFA, high strength, high compressive plasticity, cheap and non-toxic raw materials and biocompatible property, as compared with other BMGs, leading to their potential industrial applications.
Introduction
Bulk metallic glasses (BMGs) have been regarded as potential structural materials since their first emergence several decades ago. Great effort has been made to develop alloy systems with excellent glass-forming ability (GFA) by cooling the alloys from the liquid state to mm-sized glassy materials [1] [2] [3] [4] [5] . To date, great successes have been achieved in several alloy systems in terms of producing amorphous alloys with diameters larger than 20 mm in Pd [6] , Zr [7] , Y [8] , Mg [9] , and La-based alloys [10] . However, one of the drawbacks severely restricting their applications as structural materials is that glassy alloys do not simultaneously have high GFA, decent ductility, superior strength, and high fracture toughness, made with cheap and environmentally friendly raw materials.
Recently, due to their excellent mechanical properties and cheap and environmentally friendly raw materials used, bulk metallic glasses based on copper and zirconium have been paid considerable attention since binary Cu-Zr and Cu-Hf BMGs were fabricated [11] [12] [13] [14] [15] [16] [17] . Among these, the ZrCuAl and ZrCuAlM (M = Ti, Ag, etc.) BMGs free of poisonous (Be, Ni, etc.) and noble elements (Pd, Pt, etc.), exhibiting excellent glass-forming ability as well as good mechanical properties, are promising engineering materials. Very recently, we reported preliminary results on Zr-(Cu,Ag)-Al alloys, which can be successfully fabricated fully amorphous with diameters at least 20 mm [18] . However, as is proved by experiments, GFA of BMGs is sensitive to the alloy compositions [10, 15, 19, 20] ; for example, in the La-Al-(Cu,Ag) alloys, the Cu/Ag ratio can significantly influence their GFA. This factor has not been considered in our previous Zr-(Cu,Ag)-Al work [18] . Furthermore, the effect of Ag addition and the origin of the high glass-forming ability of the Zr-(Cu,Ag)-Al alloys are still not well understood.
In this paper, a systematic study of the Zr-(Cu,Ag)-Al alloy system has been carried out. We report the formation of a series Zr-(Cu,Ag)-Al BMGs with diameters at least 20 mm. By simultaneous refinement of the Cu/Ag ratio and relative contents of Zr and Al, we optimize the composition range for glass formation and demonstrate the formation of about 25 g amorphous metallic ingots in a wide Zr-(Cu,Ag)-Al composition range using a conventional arc-melting machine. The effect of Ag addition on GFA of the quaternary alloy is systematically investigated from the structural, thermodynamic and kinetic points of view. The high glass-forming ability in the Zr-(Cu,Ag)-Al BMG alloy system is attributed to denser local atomic packing and the smaller difference in Gibbs free energy between amorphous and crystalline phases. The thermal, mechanical and corrosion properties, as well as elastic constants for the newly developed Zr-(Cu,Ag)-Al BMGs are also presented. By comparing with other BMGs (e.g., Mg-, La-, Pd-and Y-based), these newly developed Ni-free Zr-(Cu,Ag)-Al BMGs are promising for industrial applications considering their combining properties, i.e., high GFA, high strength, high compressive plasticity, cheap and non-toxic raw materials and biocompatible property.
Experimental
Metallic ingots of Zr 100ÀxÀy (Cu z Ag 1Àz ) y Al x (x = 7-9 at.%, y = 38-50 at.% and z = 0.75-0.875) alloys were prepared by arc-melting a mixture of pure Cu (99.9 at.%), Zr (99.8 at.%), Al (99.99 at.%) and Ag (99.9 at.%) in a Ti-gettered argon atmosphere. Each ingot was arc-melted at least four times to achieve chemical homogeneity. The weight loss of samples by alloying was less than 0.1%. For smaller samples (diameter 620 mm), the master alloys were further processed by suction-casting into copper mold in a highvacuum (2 Â 10 À5 torr) chamber under a purified argon atmosphere, in which 20 mm is the maximum size of copper mold for suction-casting in our laboratory. For rods with diameter of 30 mm, alloys were induction melted in a low-vacuum (2 Â 10 À1 torr) chamber using a BN crucible container, followed by tilt-pouring the melt into copper mold with cavity of 30 mm in diameter and 60 mm in length.
To examine the structure of the rods prepared, the transverse cross-sections of the samples were examined on a Rigaku X-ray diffractometer with Cu K a radiation at 45 kV. The central parts of the arc-melted ingots and 20 mm cast cylindrical samples were analyzed on a NETZSCH DSC 404 C differential scanning calorimeter under a continuous argon flow at a heating rate of 20 K min À1 . Structural analyses of newly developed Zr-(Cu,Ag)-Al BMGs were also conducted by using synchrotron radiation X-ray diffraction at BW5 station of HASYLAB, Hamburg [21] . The beam size was 1 Â 1 mm 2 and the wavelength used was 0.12398 Å . High-resolution X-ray diffraction (HRXRD) patterns for Zr 46 (Cu 4.5/5.5 Ag 1/5.5 ) 46 Al 8 BMGs with 20 mm in diameter with large q range were recorded on an image plate (MAR 345, with 150 Â 150 lm 2 pixel size). Scattering intensity I(q) (versus scattering vector) were extracted by using the software package FIT2D [22] . Then, structure factor S (q) and reduced radial distribution function (PDF) G(r) and g(r) pair correlation function are obtained by PDFgetX2 according to the following equations [23] :
where q(r) is the radial density function, q 0 the average atomic number density, S(q) scattering factor, q = 4p sin(h)/k. To study the kinetic and thermal stability properties of the newly developed Zr-(Cu,Ag)-Al BMGs, DSC measurements with different scanning rates (/ = 10, 20, 40, 80 and 120 K min À1 ) were performed on Perkin-Elmer DSC-7. The specific heat capacities of the amorphous phase, supercooled liquid phase, and crystalline phase were also measured on DSC-7 by comparing with the specific heat capacity of a sapphire standard sample using Eq. (4) [24] :
where m is the mass, l the molecular weight and C p (T) sapphire the standard specific heat capacity of the sapphire. The term _ Q is defined as [24] :
and the first term (oQ/ot) T6 ¼0 corresponds to the power necessary to heat or cool the sample and its sample pan at a constant rate of 5 K min À1 , (oQ/ot) T=0 is the power needed to hold the sample and its pan isothermally and C refers to the heat capacity of the sample and the pan. In order to identify the heat flow into the sample, identical measurements were also performed on the empty sample pan and a sapphire reference. The specific heat capacity of the sample is then calculated. The heat capacity measurements were repeated at 5 K intervals using a heating rate of 5 K min À1 . 46 Al 8 BMGs were performed with a Mettler Toledo XS105 microbalance having a sensitivity of 0.01 mg. The Young's modulus E, shear modulus G, bulk modulus K and Poisson's ratio m were derived from the acoustic velocities and the density data using the following equations [25, 26] : Fig. 1a and 1b shows the selected DSC scanning of glassy alloys with variable Al and (Cu/Ag) contents, as well as the ratio of Cu/Ag at a heating rate of 20 K min À1 . Table 1 lists the critical sizes and thermal parameters of these glassy rods including glass transition temperature (T g ), onset crystallization temperature (T x ), melting temperature (T m ) and liquidus temperature (T l ), as well as supercooled liquid region, DT x = T x À T g , reduced glass transition temperature T g = T g //T l and c value (c = T x / (T g + T l )) estimated by using a heating rate of 20 K min À1 . Other typical BMGs reported in the literature are also included for comparison [20, 27, 28] . It is found that with increasing the Al content from x = 7-9 at.%, T g increases gradually from 703 to 710 K, while T x decreases from 781 to 762 K, which result in the decrement of the supercooled liquid region. Al concentration significantly affects the glass-forming ability of the alloy system: with x = 7 and 8 at.%, wider composition range can form fully glassy 20 mm rods, while for x = 9 at.% it becomes much narrower. This can also be reflected by the two GFA indicators, T rg and c values. Fixing the Al content, we then examined the effect of (Cu,Ag) content on the thermal properties and GFA. It is found that the slight increment of (Cu,Ag) content (from 42 to 44 at.%) results in the distinct increment of T g and reduction of T l , leading to the increase of T rg and c values and enhancement of GFA. However, by further increasing the (Cu,Ag) content to 48 at.%, T l quickly raises. Consequently, the T rg and c values come down and GFA deteriorates. The third factor, the ratio of Cu/Ag, is considered to refine the composition for higher GFA. Fig. 1b shows the influence of Cu/Ag ratio on thermal properties. All the curves in Fig. 1b exhibit typical endothermic characteristic before crystallization with glass transition around 706 K and large supercooled liquid region DT x over 60 K. The almost single endothermic melting peak indicates that all these compositions, forming at least 20 mm BMGs, are near eutectic composition, which tallies with the criterion that eutectic compositions are generally more favorable for glass formation. It can be concluded that T rg and c two indicators can predict GFA in the Zr-(Cu,Ag)-Al alloy system with different Cu/Ag ratio. Element concentration plays crucial roles on the glassforming ability of the Zr-(Cu,Ag)-Al alloy system. In the next step, meticulous scanning of compositions was carried out to get better glass formers.
Fig. 2a-2c shows the XRD patterns recorded from the cross-section of 20 mm diameter as-cast Zr 100ÀxÀy (Cu z Ag 1Àz ) y Al x alloys with x = 7 at.% and y = 46-50 at.%; x = 8 at.% and y = 42-46 at.%; and x = 9 at.%, y = 38-42 at.% and z = 0.75-0.875. It is found that most of these alloys show broad diffraction humps, indicating their glassy nature. A wider composition range, which could be formed fully 20 mm amorphous rods, are listed in Table 1 . To further ascertain the glassy nature, a cross-section of 20 mm Zr 46 (Cu 4.5/5.5 Ag 1/5.5 ) 46 Al 8 alloy is selected to perform high-resolution X-ray diffraction scanning with 1 Â 1 mm 2 beam size using synchrotron radiation source and a wavelength of 0.12398 Å . Fig. 3a illustrates a schematic map of scanned positions. From these about 20 HRXRD patterns presented in Fig. 3b and 3c, it is clear that all of the patterns consist of only a series of broad dif- Table 1 The critical sizes (d c ) and thermal parameters for Zr 100ÀxÀy (Cu z Ag 1Àz ) y Al x (x = 7-9 at.%, y = 42-50 at.% and z = 0.75-0.875) alloys, together with other BMGs reported in Refs. [20, 27, 28] for comparison
Alloys
Critical size Amorphous ingots (25 g ) fraction maxima without any detectable sharp Bragg peaks, confirming the fully amorphous structure of the 20 mm rod sample prepared here. According to our experience, it is not unreasonable to expect the maximum critical size for glass formation in the pseudo ternary Zr-(Cu,Ag)-Al to be larger than 20 mm if we had a copper mold with larger diameter (>20 mm) using suction-casting in a high-vacuum (2 Â 10 À5 torr) chamber. Hence Zr 46 (Cu 4.5/5.5 Ag 1/5.5 ) 46 Al 8 was selected to prepare rods with 30 mm in diameter by tiltpouring the melt into copper mold with 30 mm cavity in a vacuum of 2 Â 10 À1 torr chamber. From the inset of Fig. 4 , surface of the as-cast rod is smooth and exhibits metallic luster. However, due to extreme low-vacuum (2 Â 10 À1 torr), the XRD pattern of 30 mm rod presented in Fig. 4 shows a dominate amorphous component together with crystalline oxides ZrO (PDF 89-4768), Ag 2 O, and Cu-Zr phases (CuZr, CuZr 2 and Cu 10 Zr 7 ). Oxygen reacts with primary elements to form oxides, which might further induce crystallization to form crystalline phases, such as: CuZr, Cu 10 Zr 7 . Consequently, high oxygen content largely deteriorates GFA, which is consistent with data reported in other alloy systems [29, 30] . We believe that the maximum critical size for forming BMGs in the Zr-(Cu,Ag)-Al alloy system is more than 20 mm if one uses a high-vacuum chamber for preparation, which is under construction.
After cracking the arc-melted ingots, shining fracture surfaces were observed as presented in Fig. 5a . Hence, XRD and DSC were employed to examine their structure. Fig. 5b schematically shows the cross-section of a cracked ingot with about 28 mm in diameter and 30 g in weight. As the bottom part contacts with copper mold and its cooling rate is relatively lower; this part is crystalline. The samples taken for XRD and DSC measurements were illustrated in Fig. 5b. Fig. 5c shows DSC curves and XRD (inset of and DSC curve of the ingot are nearly identical to those of the as-cast BMG. All the thermal parameters, including T g , T x , DT x = T x ÀT g , T rg = T g /T l and c value (c = T x /(T g + T l )), are almost the same within the experimental uncertainty for both ingot and as-cast BMG. These results confirm amorphous structure in the ingot. Ingots with amorphous phase are found in a wide composition range, as listed in Table 1 .
Properties of ZrCuAl and Zr-(Cu,Ag)-Al alloys
Mechanical properties and corrosion behaviors of the newly developed Zr-(Cu,Ag)-Al BMGs have been studied. Fig. 6 shows compressive stress-strain curves of the as-cast Zr 46 respectively, especially for the latter alloy, e p reaches up to 28%. This alloy exhibits extraordinary compressive plasticity, high GFA (25 g amorphous ingot), high fracture strength, and cheap and non-toxic raw materials, which have never been reported previously in any other BMG alloy systems. According to three-dimensional atomic probe study [31] , nanometer-scale (2-3 nm) Agrich phase separation was detected in a Zr 43 Cu 43 Ag 7 Al 7 BMG, which might occur in the present alloy too because of similar compositions. Thus, the phase separation could be a conceivable factor in the present alloy to the extraordinary compressive plasticity, in which nanometer-sized heterogeneities in the sample could act both as initiation sites for shear bands and as barriers to shear band propagation, resulting in an increase of compressive plasticity. The understanding of the mechanism for such high compressive plasticity for the present alloy is in progress.
Ultrasonic measurements were also carried out to determine the elastic constants of these Zr-(Cu,Ag)-Al BMGs. Their values are listed in Table 2 Mechanical properties obtained by compression test and elastic constants including elastic modulus (E), bulk modulus (K), shear modulus (G) and Poisson's ratio (m), obtained by ultrasonic measurements for newly developed Zr-(Cu,Ag)-Al bulk metallic glasses together with those for other BMGs in Refs. [27, 32] Glasses 
where R is the gas constant, and E a is the activation energy for crystallization. Table 4 . Ag addition leads to the slight decrease of E a value. However, compared with other BMGs [10, 26] , the newly developed Zr-(Cu,Ag)-Al BMG alloys show relatively higher E a values. Generally, the larger the E a value, the higher additional energy needed for atomic diffusion from glassy state to crystalline one.
Discussion
Glass-forming ability is a competition between cooling rate and crystallization kinetics, which is closely related to structural, thermodynamic and kinetic characteristic. From a structural point of view, the significant difference in the atomic sizes and negative heats of mixing could lead to an increase of random packing density in the supercooled liquid and hence increase the difficulty for atomic diffusion. Kinetically, the viscosity is an important parameter for structural rearrangement of atoms in undercooled liquid to the growth of a crystal nucleus. Thermodynamically, lower DG lÀs (T) (Gibbs free energy difference of the undercooled liquid with respect to the crystal) is expected to stabilize the undercooled melt against crystallization. Attempts have been made to probe the glass-forming mechanism from all these three aspects. However, for different alloy systems, factors determining the glass formation may change from one to another [4, 10, [36] [37] [38] [39] [40] [41] [42] [43] [44] . To understand the underlying physics of the beneficial effects of Ag addition in the present alloy system, a systematical study in terms of the structural, fragility index, and thermodynamic factors was carried out for Zr 46 Structural aspects including atomic sizes and negative heats of mixing were considered to probe the origin of high GFA in the present Ni-free Zr-(Cu,Ag)-Al system. Atomic radii of elements are Zr 0.160 nm, Al 0.143 nm, Cu 0.128 nm and Ag 0.144 nm [45] . The ratios of atomic radii are estimated to be R Zr/Ag = 1.111, R Al/Cu = 1.117, R Zr/Cu = 1.250 and R Zr/Al = 1.119. Heat-of-mixing values between elements are: Zr-Cu: À23 kJ mol À1 , Zr-Ag: À20 kJ mol À1 , Zr-Al: À44 kJ mol À1 , Cu-Al: À1 kJ mol À1 and Cu-Ag: 2 kJ mol À1 [46] . The large negative heat-of-mixing values of main components and intermediate atomic mismatches basically satisfy the Inoue's empirical rules [4] : atomic size mismatch (>12%) and large negative heating of mixing, which were proposed to enhance local random packing density and GFA. Fig. 9 shows the structural factors, S(q), and pair correlation function, g(r), for Zr 46 Fig. 9b and 9c and also listed in Table 3 . Zr-Zr, Zr-Cu and Cu-Cu atomic pairs dominate the first peak. In the Zr 46 (Cu 4.5/5.5 Ag 1/5.5 ) 46 Al 8 alloy, in which the atomic radius of Ag almost equals that of Al, the primary bonds become complex. Since the concentration-weighted value for Zr-Cu atomic pair decreases and those for Zr-Ag, Cu-Ag, Ag-Ag and Ag-Al atomic pairs increase due to Ag addition, the first peak of g(r) slightly shift to high r value. More bonds exist in the quaternary system and the pair radial distribution, thus, becomes uniform, especially at about r = 2.72 Å and r = 3.03 Å .
The shoulder, appearing in the g(r) curve of Zr 46 The kinetic and thermodynamic aspects are of great importance in understanding the dynamic nature of glass transition, structural rearrangement and GFA, which reflects the competition between cooling rate and crystallization kinetics [39] [40] [41] [42] [43] . According to the classical nucleation theory, the steady-state crystal nucleation rate per unit volume, I ss , can reflect the interplay between the kinetics and thermodynamics, which is expressed as:
where A is a constant, g(T) the temperature dependence of viscosity of the supercooled liquid, r the interfacial energy between the liquid and the crystal, and D G lÀs (T) the Gibbs free energy difference between the supercooled liquid state and the crystalline state. High GFA expects a higher viscosity around melting temperature and a lower driving force DG lÀs (T). The viscosity at melting point is generally correlated with the liquid fragility, which is defined as [38] :
where s is the average relaxation time, T the temperature. The well-known fragility parameter could be used to classify glass-forming liquid into strong and fragile [38] . Generally, a strong liquid usually has a higher viscosity at the melting point than a fragile one. The fragility parameter m can be calculated using Eq. (13) [47] :
where D is the strength parameter in the Vogel-FulcherTammann (VFT) equation, and T 0 describes the onset of the glass transition in the limit of / close to 0. These parameters can be obtained by fitting the VFT equation from the heating rate dependence of the glass transition temperature:
where B is a parameter of time scale in the glass-forming system. Fig. 11 gives the dependence of T g on heating rate fitted by VFT equation. The fitted parameters and fragility index m are given in [32] . These values can be classified to the intermediate fragile liquids and are larger than the rare earth alloys [10, 26] . As the viscosity g also follows the VFT equation:
where g 0 the infinite temperature viscosity, one can get the viscosity at the melting temperature based on the fitted parameters D and T 0 . Lower DG lÀs (T) and higher r result in the greater stability of the melt from crystallization. For the reason that it is hard for us to get the r value, here only the DG lÀs will be evaluated based on the specific heat capacities. The high thermal stability allows us to get the heat capacity of these alloys in a wide range of undercooled liquid. Fig. 12 46 Al 8 alloys, which were measured in the crystalline, supercooled liquid and amorphous state. The heat capacity of the glassy phases is similar to that of the crystalline ones before glass transition temperature, which is consistent with data reported in other alloys. However, with the increase of temperature, the glassy phases begin to relax and the heat capacities simultaneously rise. These specific heat capacity data of the undercooled liquid and the crystal are fitted using the following relationships [24, 41] : 46 Al 8 alloys obtained in this work. Based on the above experimental data, the thermodynamic parameters, including enthalpy change DH lÀs (T) and entropy change DS lÀs (T) of the undercooled liquid with respect to the crystal can be calculated according to the following equations:
The results are plotted in Fig. 13 . For both alloys, it is found that that the enthalpy of supercooled liquid decreases more slowly than the entropy, which leads to the entropy crisis. The Kauzmann temperature T K is a theoretical temperature, at which DS lÀs = 0 or the entropy of the liquid equals to the entropy of the crystalline, to be 596 K for Zr 46 Table 5 , respectively [10] ). The relative lower DG lÀs value implies smaller driving force for crystallization, turning out to be one crucial factor in interpreting high GFA of Zr 46 (Cu 4.5/5.5 -g 1/5.5 ) 46 Al 8 BMG alloy.
Conclusions
Meticulous scanning of the Zr-(Cu,Ag)-Al composition range was pursued to obtain better glass formers. Systematical investigation for the mechanism of their high GFA was carried out. Results obtained in the present work can be summarized as follows:
(1) Fully glassy alloys with at least 20 mm in diameter can be fabricated in a wide Zr-(Cu,Ag)-Al composition range using copper mold suction method. About 25 g amorphous metallic ingots can be detected in a wide Zr-(Cu,Ag)-Al composition range using conventional arc-melting machine. [44] .
